To investigate the role of dehydrins (DHNs) in extreme low-temperature (LT) tolerance, we sampled needle tissue of Siberian spruce (Picea obovata Ledeb.) from trees growing in an arboretum in Trondheim, Norway from August 2006 to April 2007 and tracked changes in LT tolerance via relative electrolyte leakage. We used western blotting to estimate relative amounts of proteins binding a DHN K-segment antibody, measured relative amounts of nine transcripts for small (<25 kDa) DHNs by quantitative reverse transcription-polymerase chain reaction (PCR) using primers developed for DHN transcripts in a closely related species, Picea abies (L.) Karsten, and isolated and sequenced PCR products for five P. obovata DHNs. Three protein bands of 53, 35 and 33 kDa were detected on western blots of SDS-PAGE-separated protein extracts. The 53-kDa DHN was already present late in the growing season, but accumulated during acclimation, and levels decreased rapidly during deacclimation. The 33-and 35-kDa proteins, identified as Picg5 class DHNs by mass spectrometry, first appeared in detectable amounts late in the acclimation process and remained at detectable levels throughout the period of maximum LT tolerance. Levels of the 53-kDa DHN correlated with two LT tolerance parameters, while results for the 33-and 35-kDa proteins were equivocal due to limited sample size and variation in LT tolerance during the mid-winter period. Three additional bands of 30, 28 and 26 kDa were detected in extracts from needles collected in November 2010 using an immunity-purified antibody. Immunoblotting of two-dimensional gel electrophoresis gels loaded with proteins extracted from October and November samples corroborated the results obtained by SDS-PAGE western blots. One large spot in the 53 kDa range and two trains of spots in the same size range as the 33 and 35 kDa DHNs were detected using the K-segment antibody. Eight of the nine DHN transcripts closely tracked LT tolerance parameters, whereas the ninth DHN transcripts followed a reverse pattern, decreasing during winter and increasing again during deacclimation. Multiple regression models using principal components of the transcripts to predict two different LT tolerance parameters suggest separate but overlapping functions for different DHNs in establishing and maintaining extreme LT tolerance.
Introduction
Considerable progress has been made in understanding the functional genetics, biochemistry and physicochemical mechanisms of low-temperature (LT) tolerance in moderately tolerant herbaceous and woody crop, horticultural and model species (e.g., Gusta et al. 2009 ), but relatively little is known about the extreme LT (ELT) tolerance characteristic of boreal and arctic woody species that can survive extended periods at temperatures below −40 °C and even immersion in liquid nitrogen (LN 2 ) at −196 °C (Sakai 1960 , Strimbeck et al. 2007 ). An understanding of the mechanisms of ELT tolerance could
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ultimately lead to advances in crop and tree improvement and in technologies for frozen and dry preservation of food, drugs and biological materials.
In a previous study we have shown that Siberian spruce (Picea obovata Ledeb., or Picea abies ssp. obovata (Ledeb.) Hultén) is an ELT-tolerant species, capable of surviving temperatures as low as −196 °C (LN 2 ) (Strimbeck et al. 2007 ). Picea obovata is closely related to northern populations of Norway spruce (P. abies (L.) Karsten) and the two can be considered as subspecies or geographical races of the same species undergoing considerable gene exchange (Krutovskii and Bergmann 1995, Lockwood et al. 2013) . Low-temperature acclimation in this and other boreal species such as Abies balsamea (L.) Mill. and Pinus sylvatica L. begins in late September and is nearly complete by late October (Strimbeck et al. 2008) . Numerous studies on temperate and boreal conifers show that acclimation in needle, bud and stem tissues is initiated by decreasing day length, reinforced by chilling (0-10 °C) (Bigras and Colombo 2001, Welling et al. 2004) , and accompanied by numerous changes in gene expression and in profiles of proteins (Kjellsen et al. 2010) , carbohydrates (Strimbeck et al. 2008) , membrane lipids (Senser and Beck 1982, Martz et al. 2006 ) and other metabolites (Shiryaeva et al. 2011) .
Dehydrins (DHNs) are a class of highly hydrophilic proteins belonging to the late embryogenesis abundant (LEA) D 11-family (Close 1996) commonly associated with acclimation to LT and other stresses involving cellular dehydration in plants. In a study of proteomic changes during acclimation in P. obovata, we found that a 33-kDa DHN accumulated to ~16× its initial level during acclimation from moderate to ELT tolerance (Kjellsen et al. 2010) . Studies of other boreal and temperate tree and shrub species, including some conifers, also indicate a strong association between LT acclimation and accumulation of DHNs (Arora and Wisniewski 1994 , Rinne et al. 1998 , Kontunen-Soppela and Laine 2001 , Liu et al. 2004 , Marian et al. 2004 , Renaut et al. 2005 , suggesting that specific DHNs may play a role in LT tolerance in these woody species.
All DHNs contain one or more repeats of recognizable variants of a lysine-rich K-segment (consensus sequence EKKGI-MEKIKEKLPG), and are commonly divided into five classes based on the number of K segments and the presence and order of the two other conserved segments: a Y-segment (T/ VDEYGNP) and a serine-rich S-segment. The less-conserved regions of DHNs contain a high proportion of polar amino acids and are called Φ-segments (Close 1996 , Allagulova et al. 2003 . Although the biochemical mode of action of DHNs is still unclear, several studies suggest that DHNs stabilize membranes and macromolecules, thus preventing structural damage and maintaining essential enzyme activity during cellular freezedehydration (Close 1996 , Rinne et al. 1999 , Svensson et al. 2000 , Koag et al. 2003 , Soulages et al. 2003 , Rorat 2006 . These proteins may also interact with sugars to promote LT cytoplasmic vitrification (Buitink and Leprince 2004) , which is proposed as a general mechanism for tolerance of extreme desiccation and freeze-dehydration (Burke 1985) .
In this study, we used immunoblotting with an antibody developed against the conserved K-sequence motif to investigate seasonal levels of large (>30 kDa) DHNs in P. obovata needle tissues during a complete acclimation-deacclimation cycle, and quantitative reverse transcription-polymerase chain reaction (qRT-PCR) to track the relative expression of several small (<30 kDa) DHN transcripts, identified in a P. abies EST library, over the same time period. We also investigated the correlation between the protein and transcript levels and LT tolerance parameters and isolated and sequenced RT-PCR products for five P. obovata DHNs.
Materials and methods

Plant material and LT tolerance measurements
Lateral branch tips from three individual trees of P. obovata were collected from the Ringve Botanical garden in Trondheim, Norway (63°26′56″N, 10°27′12″E), every 2-4 weeks from August 2006 to April 2007. Late autumn and winter temperatures at the site range between −20 and 10 °C, and may remain above freezing for extended periods; however, detailed frost tolerance measurements of P. obovata needles collected on the same sample dates show that the species establishes and maintains an extreme level of frost tolerance even in these intermittently mild conditions (Strimbeck et al. 2008) . Needles were cut into 5 mm sections and placed in glass vials containing 1 ml of 0.1% Triton X-100 and a bacterial ice nucleator. The needle sections were then cooled to a series of freezing temperatures, ranging from −10 to −65 °C. To test for LN 2 quench tolerance, racks containing additional samples were immersed in LN 2 after slow cooling to temperatures between −10 and −40 °C. Relative electrolyte leakage (REL), measured by the increase in conductivity after soaking in a dilute detergent solution, was used as a measure of the degree of LT injury. The midpoint temperature and upper asymptote of a sigmoid curve fitted to the REL data (respectively, T m and Y max ) were used to describe the changes in LT tolerance over time. For a more comprehensive explanation of the method used for LT tolerance analysis, see Strimbeck et al. (2007 Strimbeck et al. ( , 2008 .
Protein extraction
On each sampling date, lateral branch tips with needles were collected and placed in 50-ml centrifuge tubes and frozen in LN 2 immediately after collection. Before storage at −80 °C, needles were separated from the twigs and ground to a fine powder in LN 2 . An additional bulk sample for electrophoresis and RNA extraction was collected in November 2010. Total proteins were extracted from 80 mg of ground needle tissue weighed Dehydrins and extreme low-temperature tolerance 1355 out in 1.5-ml centrifuge tubes. Extraction buffer was mixed directly by adding 150 µl of 40% sucrose, 500 µl of liquid Tris-buffered phenol (pH 8.0), 10 µl of 10% SDS and 20 µl of β-mercaptoethanol into each tube. Tubes were centrifuged at 14,000g for 5 min. The upper phenol phase was collected and divided into 30 µl aliquots. Each aliquot was precipitated with 0.4 ml of ice-cold 0.1 M ammonium acetate in 80% methanol and 5 µl of 1% Ficoll (carrier) for 10 min and centrifuged at 14,000g for 20 min. The supernatant was discarded and the remaining pellet was washed with methanol, air-dried briefly and redissolved in cracking buffer (8 M urea, 40 mM Tris-HCl (pH 6.8), 0.1 mM EDTA, 5% SDS). Total protein concentration was estimated using the Bradford method (Bradford 1976 ) with bovine serum albumin as the standard. After quantification, protein samples were diluted to 2.0 µg µl −1 with cracking buffer.
SDS-PAGE and western blotting
One-dimensional SDS-PAGE was carried out using the BioRad mini-Protean 3 system. Equal amounts of each sample (8 µg) of total soluble protein were loaded on 12% SDS-PAGE and electrophoretically separated at 200 V for 50 min. A standard protein weight marker (MagicMark™ XP, Invitrogen/Life Technologies, Carlsbad, CA, USA) was loaded to the reference well in each gel. Separated proteins were transferred for 3 h at 90 V and 4 °C on to polyvinylidene fluoride (PVDF) membranes (Immun-Blot™, BioRad, Hercules, CA, USA), using the Bio-Rad mini-Protean 3 system. Blots were blocked for 45 min at room temperature in blocking buffer (5% nonfat dry milk powder in tris-buffered saline (pH 7.4) with 0.2% Tween 20 (TBST)). After blocking, the blots were probed for 2 h at room temperature with a polyclonal antibody against the conserved region of DHNs (K-segment, product no. AS07 207, Agrisera) diluted 1:1000 in blocking buffer. Blots were washed 3 × 5 min with TBST before incubation for 1 h with secondary antibody (goat anti-rabbit IgG (H + L), horseradish peroxidase conjugate, BioRad) diluted 1:3000 in blocking buffer. Immunoreactive bands in all blots were developed using a chemiluminescence kit (Immun-Star™ WesternC™, BioRad) according to the manufacturer's instructions. Images were developed using a Kodak Imager and normalized mean band intensities were calculated using the Molecular Imaging Software version 4.0 (Kodak™, Rochester, NY, USA).
Extracts from samples collected in November 2010 were probed with an immunity-purified K-segment antibody and developed using goat anti-rabbit alkaline phosphatase conjugate as previously described (Close et al. 1993) . Strips containing DHN bands were cut from Coomassie-stained gels aligned with western blots using multiple marker ladders to identify regions of interest. These were submitted to the University of California Proteomics Facility for chymotrypsin digestion, butylation and MudPIT (LC-LC-MS) analysis for identification of DHN fragments.
Two-dimensional gel electrophoresis, immunoblotting and analysis
For the two-dimensional gel electrophoresis (2-DE) set-up, total proteins were extracted from needle tissue of samples collected on 8 October and 5 November using the protocol published by Wang et al. (2006) . A total of three extracts were made for each biological replicate and several aliquots of the phenol phase were precipitated, washed and resolubilized in rehydration buffer. For each date, aliquots were pooled and quantified using the Bradford method (Bradford 1976 ) and a total of 500 µg of protein was mixed in DeStreak buffer (GE Healthcare, Little Chalfont, UK) containing 0.5% IPG buffer (3-11 NL) (GE Healthcare), giving a final loading volume of 450 µl. Denatured protein solutions were applied to ceramic isoelectric focusing (IEF) holders and actively rehydrated into IEF gels (Immobiline DryStrip pH 3-11, NL, 24 cm, GE Healthcare) for 15 h at 20 °C. First-dimension IEF was performed using the Ettan Multiphore III electrophoresis system (GE Healthcare), to a total of 54,500 V h. After IEF, the strips were subjected to a two-step reduction and alkylation procedure by incubating the strips for 12 min in 15 ml SDS equilibration buffer (50 mM Tris-HCl (pH 8.8), 6 M urea, 30% v/v glycerol, 2% w/v SDS, 0.001% w/v bromophenol blue), containing 65 mM DTT in the first step and 135 mM iodoacetamide in the second.
Second-dimension SDS-PAGE was carried out after loading the strips to 1-mm-thick 12% polyacrylamide gels and separating the proteins using a Ettan Dalt Six (GE Healthcare) electrophoresis system according to manufacturer's recommendations. Two out of totally four gels were stained with Coomassie G-250 (SimplyBlue™ Safe Stain, Invitrogen).
The two gels representing the October and November samples, respectively, were equilibrated in transfer buffer (20 mM Tris-base, 150 mM glycine (pH 8.3), 15% methanol) with gentle agitation at room temperature for 30 min. Proteins were electrophoretically transferred from gels to PVDF membranes (Immun-Blot™, BioRad), using a TE 70 semidry blotting system (Amersham Biosciences, Amersham, UK) at 0.8 mA cm −2 for 2 h. After transfer, the membranes were stained by immersing the membranes in Ponceau S (Sigma) for 5 min. After visualization of the proteins, the membranes were destained with 0.1 M NaOH for 30 s and rinsed under running dH 2 O for 5 min. Immunological detection of DHNs was carried out using the same procedure as for western blot from the SDS-PAGE gels.
Images of immunoblots from 2-DE gels were matched with images of Ponceau S stained membranes to find the region of the membrane containing the immunovisualized proteins. For further confirmation of spot positions, pI, molecular weight (MW) and expression pattern, the prep-gel images were matched with an image of pooled samples obtained on 5 September, 8 October and 5 November stained with Cy 2, using the Redfin Solo software (LUDESI AB, Malmö, Sweden). The Cy 2 image used here is part of a difference gel electrophoresis (DIGE) analysis of the total proteome during acclimation in the same samples (Kjellsen et al. 2010) .
RNA isolation and qRT-PCR
We used qRT-PCR to track relative changes in nine transcripts containing one or more recognizable DHN K segments (Table 1) . Full information on the primers for real-time PCR is given in Yakovlev et al. (2008) . Needle samples collected from three trees on each date were stored at −80 °C and pooled before RNA extraction using the Qiagen RNeasy Plant Mini extraction kit (Qiagen, Venlo, The Netherlands) according to the manufacturer's instructions. RNA was quantified using spectrophotometric OD260 measurements and quality was assessed by OD260/OD 280 ratios and by electrophoresis on 1% formaldehyde agarose gels followed by ethidium bromide staining. Complementary DNA was synthesized from 150 ng of total RNA using the SuperSMART cDNA Synthesis Kit (Clontech/Takara Industries, Saint-Germain-end Laye, France) for reverse transcription in 40 µl reaction volume. After heat-deactivation of the enzyme, ss cDNA was diluted to 160 µl. Real-time PCRs were performed in a 25-µl volume containing 250 nM of each primer, 4 µl of cDNA sample and 1× SYBR ® Green PCR master mix (Applied Biosystems #4309155, Foster City, CA, USA). Real-time PCR was performed on the 7500 real-time PCR system (Applied Biosystems) in a 96-well reaction plate using the parameters recommended by the manufacturer (2 min at 50 °C, 10 min at 95 °C and 40 cycles of 95 °C for 15 s and 60 °C for 1 min). Each PCR was duplicated and no-template controls were included. We verified the specificity of the amplifications at the end of the PCR run using the 7500-system SDS Dissociation Curve Analysis Software. All the gene expression levels were normalized to Actin gene expression (PaAct2/7), chosen as endogenous control (Yakovlev et al. 2006) . Analysis of the amplification data was performed using the 7500-system SDS software for absolute quantification and MS Excel software.
Primer pairs based on the full-length cDNA sequences of P. abies DHNs (Yakovlev et al. (2008) were used in RT-PCR to isolate and sequence full open reading frame cDNAs from P. obovata mRNA samples (Table 2) . Messenger RNA was extracted from needle samples collected in November 2010 using the Qiagen RNeasy Plant Mini extraction kit in combination with the Ambion Plant RNA Isolation Aid (Ambion/Life Technologies, Carlsbad, CA, USA) according to the manufacturer's instructions. Reverse transcription-PCR was performed in 50 µl reaction volumes using the Qiagen OneStep RT-PCR kit according to the manufacturer's instructions, and PCR products were isolated using the Invitrogen E-Gel system with SizeSelect 2% agarose gel cassettes. Polymerase chain reaction products were sequenced at the Genomics Core Facility at the University of California, Riverside.
Statistical analysis
All analyses were performed on samples from three individual trees that were sampled at 2-to 4-week intervals from August 2006 to April 2007. Simple correlations were used to examine relationships between mean LT tolerance parameters and relative protein and transcript levels across all sample dates, and multiple regression on principal components extracted from the transcript abundance data was used to further examine the pattern of relationships between DHN transcript abundance and LT tolerance parameters.
Results
Low-temperature acclimation in foliage of P. obovata and other boreal conifers involves both a decrease in T m , the midpoint temperature, and a lowering of Y max , the asymptotic maximum REL value, of sigmoid curves fitted to REL-temperature data (Strimbeck et al. 2008) . Because fully hardy foliage cannot be injured even at LN 2 temperature in P. obovata and other extremely tolerant species, T m cannot be interpreted as LT 50 (temperature resulting in 50% lethal injury). Here we use both parameters to interpret relationships between LT tolerance and DHN levels.
Picea obovata began acclimating in September, coinciding with rapidly decreasing day length and temperatures mainly in the 10-20 °C range, and achieved LN 2 -quench tolerance by mid-November (Figure 1b and c; Strimbeck et al. 2008) . The trees maintained a high level of LT tolerance through the remainder of the winter, despite unusually warm conditions in autumn Dehydrins and extreme low-temperature tolerance 1357 Molecular weight of PaDhn5 is partial due to an incomplete reading frame. Full information on the primers for real-time PCR is given in Yakovlev et al. (2008) . Owing to sequence similarities, in P. abies one primer pair binds cDNAs for both PaDhn2 and PaDhn3, the PaDhn4.1 primers bind allelic variants 4.1, 4.2 and 4.4, and the PaDhn4.5 primers bind variants 4.3, 4.5 and 4.6. 1 Alignment achieved by inserting one base and substituting a second to change an early stop codon resulting from an apparent substitution. 
Seasonal accumulation and identification of DHNs
Three protein bands in the SDS-PAGE western blots reacted with the anti-DHN antibody, with MW estimated at 53, 35 and 33 kDa (Figure 1a ). All three DHNs showed a clear increase in accumulation during the course of the winter, with a peak in abundance between November and February (Figure 1d-f) .
The predominant 53-kDa DHN was present at detectable levels late in the growth season, accumulated during LT acclimation and remained at a high level throughout the winter before declining during deacclimation (Figure 1d ). Band intensities of the 53-kDa DHN correlated strongly with T m and Y max ( Table  3 ). The 35-and 33-kDa DHNs were expressed at detectable levels in the tissue from early November to late March, peaking in abundance during mid-winter before declining before and during deacclimation (Figure 1e and f). Correlations with LT tolerance parameters were weaker for these proteins, in part because they were not detected in early winter and spring, but were present mainly during the period when the needles were maximally LT tolerant and Y max remained near its minimum value. Nine distinct spots appeared on 2-DE gels probed with the anti-DHN antibody, ranging in estimated size from 33 to 53 kDa (Figure 2a) . Two sets of spot trains with estimated MW of 33 and 35 kDa, respectively, and a larger 53 kDa spot were detected in the acidic side of the gel. The estimated pI for all the detected proteins was between 4.5 and 5.0 (Figure 2c) . Warping of scanned preparative and DIGE-Cy 2-gel images by using the Redfin Solo software (LUDESI AB) revealed the position of the spots obtained from the western blotting of the 2-DE gels (Figure 2) . Two of the spots, probed by the primary antibody against DHNs, here marked as 2 and 5, were identified as Picg5 class DHNs (Liu et al. 2004 ) by MALDI-TOF/TOF (Table 4 ; see also Kjellsen et al. 2010 ). An attempt to identify the spot containing the 53-kDa DHN by the same method did not succeed due to the presence of co-migrated proteins in the same spot.
Western blots of sodium borate extracts from needles collected in November 2010 and using an immunity-purified anti-K segment antibody revealed three additional bands at ~30, ~28 and ~26 kDa (Figure 3) . MudPIT (LC-LC-MS) analysis of gel strips containing the 53-kDa band did not yield any recognizable DHN fragments, while the 33-to 35-kDa region contained both PaDhn2-3 and Picg5-like fragments (Table 4) . Strips containing the three smaller bands yielded several fragments of PaDhn2-3 type DHNs.
Dehydrin transcript expression
As with the DHNs studied via immunoblotting, transcripts coding for eight DHNs increased during acclimation and decreased during deacclimation, more or less in concert with T m and Y max (Figure 4) . A single transcript, Dhn7, showed a reverse pattern, with transcript levels decreasing and increasing during acclimation and deacclimation, respectively. The Dhns 1, 2 and 3, and 6 and CAP1.1 and 1.2 correlated somewhat more strongly with Y max than T m (Table 3) , while Dhns 4.1, 4.5 and 5
Dehydrins and extreme low-temperature tolerance 1359 and positively an all others), as a significant predictor of Y max (model R 2 = 0.895). The second principal component, which loaded strongly and positively on Dhns 4.1, 4.5 and 5, was also significant in a regression model predicting T m (model R 2 = 0.904).
Isolation and sequencing of P. obovata cDNAs
Reverse transcription-PCR using primers based on the published full-length sequences for P. abies DHNs yielded eight PCR products, five of which produced usable sequence data (Table 2) . No PCR products were found for PaDhn1 and PaDhn4.6, and the three DNA bands isolated using the PaDhn4.x primer pair did not give meaningful sequences, perhaps due to incomplete separation of the PCR products. The PaCAP1.x primer yielded 616 and 423 bp products, designated as PoCAP1.1 and PoCAP1.2, respectively. Both show strong homology to the PaCAP1.1 allele, and neither contains the indel that distinguishes the PaCAP1.2 allele (see Supplementary data S1 available at Tree Physiology online). PoCAP1.2 has an extended deletion that includes two K segments, making it an SK 4 -rather than SK 6 -type DHN ( Figure 5 ). All four of these CAP-type DHNs align strongly with a sequence translated from an unclassified Picea glauca (Moench) Voss mRNA ( Figure 5 ), and weakly (40-50% identity) with the Picg5 DHNs identified in MS analysis (data not shown).
The PaDhn2 and PaDhn6 primer pairs yielded products with identical or nearly identical sequences to the P. abies genes, including some of the untranslated regions, and also aligns strongly with homologs in P. glauca and Picea sitchensis (Bongard) Carrière (see Supplementary data S1 available at Tree Physiology online). An apparent single base deletion at position 105 in the PoDhn7 nucleotide sequence (when compared with PaDhn7) results in a frameshift mutation and early stop codon and so the predicted protein contains only a single, atypical K segment (MMQNQDDKVNEKLPG); otherwise the two sequences have >99% identity (see Supplementary data S1 available at Tree Physiology online). Sequences from P. glauca and P. sitchensis mRNAs contain the same apparent deletion.
Discussion
DHN identity and structure
In a DIGE experiment with samples from the same trees, collected on 5 September, 8 October and 5 November, two spots in the 30-to 35-kDa range showed ~16× expression levels during the last stages of acclimation (Kjellsen et al. 2010) , similar to seasonal expression of the 33-and 35-kDa proteins shown here. In the same study MS/MS data from MALDI-TOF/ TOF analysis of the trypsinated spots identified peptide fragments of Picg5-type DHNs (Liu et al. 2004) , and subsequent MudPIT analysis of strips containing the 33-and 35-kDa bands identified both Picg5-and PaDHN2-type fragments. This indicates that these two proteins, which accumulate during the late phase of acclimation to ELT, should bear some homology to Picg5 s. Apparent MW of DHNs detected by western blotting may be up to 1.5× greater than MW predicted from protein or cDNA sequences (van Zee et al. 1995 , Artlip et al. 1997 , Danyluk et al. 1998 , suggesting that the 33-and 35-kDa DHNs identified by electrophoresis could correspond to the two PoCAP DHNs with predicted MW of 19.8 and 22.1 kDa, respectively. However, the sequences of the CAP-and Picg5-type DHNs show only weak alignment, and no peptides resembling CAP-type fragments were recovered in either MALDI-TOF or MudPIT analysis of 33-and 35-kDa spots or bands from gels. Instead, the CAP-type genes and proteins align with a different P. glauca DHN previously reported only as a transcript (Figure 4) . Consequently, the location of the CAP-type proteins on both one-and two-dimensional gels remains something of a mystery. While the K segments of the CAP-type DHNs differ from the consensus version used to produce antibodies and so may not bind, the same is true for many other variations, including the PaDHN1-7 types and numerous angiosperm DHNs, many of which have been detected using a generic K-segment antibody. Nevertheless, the accumulation of these proteins and transcripts during the period of maximum LT tolerance suggests that they have a special role in survival of ELT. The identity of the transcript corresponding to the 53 kDa DHN is also Dehydrins and extreme low-temperature tolerance 1361 . Clustal W2 alignment of CAP-type DHNs from P. abies, P. obovata and P. glauca. The P. glauca sequence was translated from an unclassified, 886 bp mRNA sequence, GenBank accession BT113137. Boxes outline K segments. This figure appears in color in the online version of Tree Physiology with the followiing residue color coding: red, small and hydrophobic; blue, acidic; magenta, basic; green, hydroxyl, sulfhydryl, amine and glycine.
uncertain, but the most likely candidate is a P. obovata version of PaDHN5, the largest transcript identified by Yakovlev et al. (2008) with a minimum predicted weight of 24 kDa based on an incomplete N-terminal sequence. The three smaller bands likely correspond to PaDHN2-3-type DHNs.
The strong sequence similarity between P. obovata and P. abies DHNs and those from the North American P. glauca and P. sitchensis (see Supplementary data S1 available at Tree Physiology online) is intriguing because of the geographic and phylogenetic distance between these two groups (Lockwood et al. 2013 ). However, a recent phylogenetic analysis estimates the divergence date for all living spruce species at 28 million years ago (Lockwood et al. 2013) , so these genes have apparently undergone little change within that time frame. It is worth noting that we found no obvious homolog of CAPtype DHNs in P. sitchensis, which grows only in a relatively mild oceanic climate, while the other three species are mainly boreal-continental in distribution and have divergent versions of CAP-type DHNs, suggesting that this DHN variant could have evolved and spread during adaptation to boreal environmental conditions during global cooling in the Miocene.
All the spots detected in the 2-DE immunoblots were located on the acidic side of the gel with observed pIs between 4.5 and 5.0. Partial purification by cation exchange of the 33-and 35-kDa DHNs also confirmed that the pIs of these proteins are close to 5.0. In the 2-DE immunoblots the 33-and 35-kDa spots were aligned in two trains that could represent different degrees of phosphorylation, or other post-translational modifications (PTMs). Brini et al. (2007) documented different patterns of phosphorylation in a heat-stable 26-kDa DHN from durum wheat using 2-DE immunoblotting, showing that DHNs can be phosphorylated. Further investigation of the possible PTMs responsible for the spot trains observed here could give more clues to the functions of these proteins. A potentially interesting feature of the CAP-type DHNs is the occurrence of repetitive H-, T-, S-and Q-rich segments, which do not seem to occur in other conifer or angiosperm DHNs identified to date. This unique feature of CAP-type DHNs, which is found in three different ELT-tolerant Picea species, may provide a clue to their possible function in ELT tolerance. Eriksson et al. (2011) showed that pH-dependent reversible protonation of H residues flanking the K segment regulates the membrane-binding properties of Lti30, a K 6 Arabidopsis DHN.
Relationship to and function in LT tolerance
We have shown that changes in relative amounts of three DHNs and several DHN transcripts closely parallel changes in two different LT tolerance parameters during the acquisition and loss of ELT tolerance in P. obovata needles. These results support the general hypothesis that DHNs which accumulate during LT acclimation have a direct role in protecting cells and tissues against the effects of extracellular freezing and associated intracellular dehydration, as has been suggested on the basis of similar results in several other woody plant species. Similar seasonal expression patterns of DHNs in relation to LT tolerance have been found in taxonomically divergent species such as Rhododendron spp. (Marian et al. 2004 ) birch (Betula pubescens Ehrh.) (Welling et al. 1997) , peach (Prunus persica (L.) Batsch.), apple (Malus domestica Borkh.), blackberry (Rubus sp.), poplar (Populus nigra L.), weeping willow (Salix babylonica L.), flowering dogwood (Cornus florida L.), sassafras (Sassafras albidum (Nutt.) Nees) and black locust (Robinia pseudo-acacia L.) (Wisniewski et al. 1996) . Comparative analysis of cold-tolerant and cold-sensitive varieties and sibling species of peach (P. persica) have shown that higher DHN gene expression rates are related to increased LT tolerance (Artlip et al. 1997) . Similar to our results, some DHNs may be present year-round but accumulate during acclimation, remain present at high levels throughout the winter and decline during dehardening, while other DHNs are only present in the tissue after acclimation, for example in Pinus sylvestris (Kontunen-Soppela and Laine 2001), P. glauca (Liu et al. 2004) , B. pubescens (Rinne et al. 1999) and P. persica (Wisniewski et al. 1996) .
We interpret the LT tolerance parameters T m and Y max as stemming from different processes that occur at the cellular level during freezing stress and injury (Strimbeck and Schaberg 2009) . With sufficient data quality and resolution, a sigmoid increase in electrolyte leakage with decreasing temperature is usually clearly apparent in both moderately and extremely LT-tolerant conifer species; however, both the midpoint temperature and amplitude of the increase may vary considerably among species (Strimbeck et al. 2007 ). In the equation we use for curve fitting, T m is the midpoint of the sigmoid curve, while Y max gives an estimate of the overall magnitude of the increase in electrolyte leakage. Midpoint temperature values in P. obovata are only 10-20 °C lower than in more LT-sensitive congeners such as P. sitchensis, and in the same range as those in moderately tolerant genotypes of P. abies (Strimbeck et al. 2007) ; so, T m alone does not fully account for the difference in LT tolerance between moderately and extremely LT-tolerant species.
While Y max is large (70-90% of conductivity after autoclaving) in unacclimated or moderately tolerant tissues, it decreases to REL values only slightly higher (20-30%) than in uninjured tissue (~10%) during acclimation in needles of P. obovata and other extremely tolerant species (Strimbeck et al. 2008) . After exposure to warm temperature and light, experimentally freeze-injured needles develop a red-brown necrosis similar to that observed in freeze-injured needles under field conditions (Strimbeck et al. 2007 ). In paired samples, values of Y max above ~0.5 are associated with necrosis while values below this threshold are associated with mild to moderate, non-lethal and apparently reversible chlorosis, even after quenching in LN 2 . Thus, in extremely tolerant species, the muted sigmoid increase in REL represents a non-lethal and presumably reversible response to LT stress. The seasonal decrease in Y max to REL levels below those associated with irreversible injury is uniquely associated with ELT tolerance (Strimbeck et al. 2008) .
The sigmoid increase in REL indicates that there is some temperature-or dehydration-induced change in the plasma membrane that results in an increase in electrolyte leakage after thawing, with T m as the midpoint temperature of the transition. This transition occurs in both moderate and ELT-tolerant species. One possible explanation for this behavior is a lipid-to-gel phase transition, lipid phase separation or other membrane transition that affects membrane integrity (Williams and Quinn 1987) . In non-acclimated boreal species and in temperate species that are lethally stressed even in midwinter, this transition results in irreversible membrane damage and cell death, expressed as necrosis in needles, while in fully acclimated boreal species it is a sublethal stress that, combined with exposure to light, results only in partial and reversible chlorosis (Strimbeck et al. 2007 ). Changes in membrane lipid composition, including increases in phospholipids and fatty acid desaturation, are closely associated with LT acclimation in a wide variety of plant species, including P. abies (Senser 1982, Senser and Beck 1982) , and are known to decrease the temperature of phase transitions and affect other membrane behaviors under freezing stress and recovery (Uemura et al. 2006) . The close correlation of T m with the 53-kDa DHN and some of the DHN transcripts, notably DHNs 4.1, 4.5 and 5, suggests that these might also interact with membranes to affect the temperature and nature of membrane phase transitions or other membrane behaviors that result in the increase in electrolyte leakage.
The seasonal decrease in Y max in P. obovata and other boreal species is evidence of a qualitatively different acclimation process that occurs in extremely tolerant species and somehow limits the effect of the T m transition so that it is no longer lethal. The accumulation of the 33-and 35-kDa DHNs, primarily in the period of ELT tolerance, and the close association of Y max with transcript expression of DHNs 1, 2 and 3, and 6 and the two CAP transcripts, suggests that these DHNs may have some role in limiting the effects of ELT and associated dehydration on membrane integrity. One possible mechanism involves vitrification of the partially freeze-dehydrated cytoplasm (Burke 1985 , Hirsh 1987 , Strimbeck et al. 2008 , effectively immobilizing cytoplasmic components and slowing or stopping further water loss and deleterious interactions among membranes and proteins, as well as other molecules and structures. This hypothesis is supported by the common observation that sucrose and oligosaccharides accumulate during acclimation (Sakai and Larcher 1987) combined with the wellcharacterized glass transition behavior of sugar solutions. Maximally freeze-concentrated sucrose vitrifies at about −41 °C (Goff and Sahagian 1996) , and oligosaccharides such as raffinose, and perhaps other solutes, may elevate the glass transition temperature above this level (Buitink et al. 2000) . Koster et al. (2000) showed that vitrification in the sugarwater phase in lipid-sugar-water systems decreases the lipid phase liquid crystal-to-gel phase transition temperature by as much as 57 °C, with the magnitude of the decrease depending on the level of lipid hydration, providing strong support for a model of membrane stress response proposed by Wolfe and Bryant (1999) . Picea obovata foliage cooled slowly to −30 °C can survive LN 2 -quenching, while quenching from −20 °C is usually lethal, indicating a transition to absolute LT tolerance during slow cooling in the −20 to −30 °C range (Strimbeck et al. 2007 ). We have produced limited evidence by modulated differential scanning calorimetry that a glass transition occurs in whole needles in this temperature range (Strimbeck and Schaberg 2009) . Our current interpretation is that, in supertolerant species like P. obovata, intracellular vitrification occurs at a temperature above the membrane transition temperature represented by T m , thereby conferring absolute tolerance.
Dehydrins could promote glass transitions and/or elevate the glass transition temperature of partially dehydrated cytoplasm to confer ELT tolerance. Predicted conformations and circular dichroism studies suggest that DHNs remain largely unstructured in aqueous solution (Close 1996) , a characteristic that might affect the glass transition behavior of cytoplasm via 'molecular entanglement', whereby entanglement of long polymers presents a kinetic barrier to eutectic precipitation of solutes in a complex mixture (Levine and Slade 1992) . Despite the overall lack of structure, in non-polar environments such as SDS the DHN K segment forms an amphipathic α-helix that can adhere to membranes (Koag et al. 2003 , Eriksson et al. 2011 , and immunolocalization studies have shown that some DHNs associate with membranes (Egerton-Warburton et al. 1997 , Danyluk et al. 1998 . As an explanation for the special role of small solutes in protecting membranes against dehydrative stress, Wolfe and Bryant (1999) suggested that large solutes are excluded from intermembrane spaces in dehydrated cells. However, if the K segment anchors DHNs to membranes, they would not be excluded, and the unstructured domains could project into intermembrane spaces and promote vitrification or act as 'molecular spacers' that prevent membrane phase change, fusion or other strains caused by the close approach of membranes (Wolfe and Bryant 1999) . A possible explanation for the diversity of DHNs in P. obovata, which has at least the 11 different DHNs or transcripts positively associated with LT tolerance as shown here, is that different DHNs are sequestered in different cell compartments and associate with or protect their membranes (for example plasmalemma, nuclear envelope, endoplasmic reticulum, plastids and mitochondria).
In summary, we suggest that DHNs associate with membranes and may affect their transition behavior under LT or dehydration stress, promote vitrification of freeze-dehydrated cytoplasm, or act as molecular spacers between closely packed membranes in freeze-dehydrated cells to limit strains and maintain reversibility of any membrane transitions that occur during a freeze-thaw cycle.
Supplementary data
Supplementary data for this article are available at Tree Physiology online.
